ABSTRACT In this paper, an adaptive fault-tolerant control (FTC) strategy is proposed for a class of nonlinear systems in the presence of actuator fault, actuator saturation, and unknown external disturbance. The mathematical model of a second-order nonlinear system with actuator fault is first given, and a fault estimation observer is designed to estimate the occurred time-varying actuator fault. On this basis, the adaptive FTC strategy is proposed using both nonsingular fast terminal sliding mode (NFTSM) and radial basis function neural networks (RBFNNs) techniques to compensate for the negative effects caused by time-varying actuator fault and external disturbance. Another adaptive FTC scheme is further presented under actuator saturation case, and the Lyapunov stability analysis demonstrates that the designed FTC approach could guarantee that the trajectory of sliding mode dynamics could converge to a small neighborhood of the origin within a finite time. Compared with some existing results, the FTC approach proposed in this paper has better fault acceptability. Finally, the proposed adaptive FTC approach is applied to the attitude control of rigid spacecraft, and the simulation results illustrate the advantages of the designed control scheme.
I. INTRODUCTION
With the rapid development of modern aerospace technology, it has made the increasing demands on reliability and safety of automatic control system [1] . Due to fault diagnosis and FTC technology could effectively improve the safety performance of the control system, it has widely applied to various safety critical systems, such as spacecraft and aircraft [2] . Some unknown actuator and/or sensor faults in such system may cause significant performance degradation or even mission failure [3] .
In the reported literatures, there are many FTC results for linear/nonlinear system in the presence of actuator and/or sensor faults. For instance, an extended state observer is designed in [4] to estimate the synthetic uncertainties caused by actuator fault and model deviation in rigid spacecraft
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attitude system, and the designed FTC approach ensures the stability of the closed loop attitude system by utilizing adaptive robust sliding mode technique. In [5] , the active FTC problem is investigated for a class of uncertain nonlinear system using integral sliding mode control technique, and the closed loop system under the designed FTC scheme could tolerate some allowable unknown actuator faults. In [6] , a FTC approach is proposed for a rigid spacecraft attitude system in actuator fault and angular velocity constraint case, which guarantees that the attitude angles of spacecraft could track the desired commands. A novel fuzzy adaptive descriptor observer is designed in [7] to estimate the system state and unknown fault, then a nonlinear dynamic output feedback controller is designed to stabilize the faulty nonlinear system with nonlinear dynamic and mismatched disturbance. An estimator-based FTC strategy is proposed in [8] for a class of linear stochastic system with unknown actuator fault, which could compensate for the effect of unknown fault to VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ the closed loop system. In [9] , the FTC problem is studied for a hypersonic gliding vehicle, an novel fixed time observer is designed to obtain the estimated information of model uncertainty and actuator fault. In [10] , [11] , two novel shaft torque estimation scheme are proposed by designing delay-dependent full-order observer, which could help reduce computational burden of onboard controllers. It should be noted that the results obtained in [4] - [11] could not provide the accurately estimation of two different type actuator faults, it will reduce the fault tolerant capability of the designed FTC approach to the faulty closed loop system. Actuator saturation is another key issue that needs to be addressed in the design of fault tolerant controller. It is known that there is a physical limitation to the mechanical system output, hence, if actuator is saturated, an instruction to increase control torque will not be achieved, and then the expected performance of closed loop system will not be satisfied. The fault tolerant control problem in actuator saturation case for the control system has attracted the wide attentions of many scholars. Such as, a FTC scheme is proposed in [12] to solve the attitude stabilization problem of a rigid satellite, a sliding mode observer is designed in actuator saturation case to reconstruct the unknown actuator fault and external disturbance. In [13] , a fast terminal sliding mode control approach is proposed for the rigid spacecraft attitude system in the presence of actuator saturation and fault, but the sliding mode singularity problem is not well solved. In [14] , a fixed time sliding mode surface is designed for a faulty spacecraft attitude system, and a FTC scheme is further presented to ensure that the closed loop attitude system in actuator saturation case is stable. The FTC problem is studied in [15] for rigid spacecraft with actuator saturation, a fuzzy adaptive observer is designed to estimate the unmeasured velocity, but the unknown actuator fault could not be obtained by the fuzzy adaptive observer. In actuator saturation case, a nonlinear unknown input observer is designed in [16] to approximate the composite actuator fault function, an adaptive sliding mode control(SMC)-based FTC strategy is further developed to achieve the desirable control performance for a faulty 3-DOF helicopter system. In [17] , an active FTC design approach is presented for a faulty spacecraft attitude system, it could handle the actuator saturation problem, the considered actuator loss of effectiveness fault must be constant, but not time varying. Although many results about FTC design for nonlinear system in actuator fault and saturation case have been reported in the past years, there are few literatures that can accurately estimate the time varying actuator loss of effectiveness (LOE) fault and time varying bias fault simultaneously when both actuator saturation and external disturbance exist in the plant.
In this paper, the adaptive FTC problem is studied for a class of second-order nonlinear system subject to multiple time varying actuator faults, actuator saturation, and external disturbance using nonsingular fast terminal sliding mode and radial basis function neural networks techniques. Compared with the existed FTC approach, the fault estimation strategy developed in this paper could estimate the multiple actuator faults at the same time, and the designed FTC strategy has good ability to tolerate actuator faults, enhances robustness, reduces chattering, and avoiding singularity. The main contributions of this paper are stated as follows.
(i) In order to estimate the unknown actuator faults occurred in the nonlinear system, a novel fault estimation observer, which has the strong robustness, is designed to estimate the LOE fault and time varying bias fault simultaneously regardless of the presence of actuator saturation. (ii) In actuator saturation free case, an adaptive FTC scheme is developed based on NFTSM technique, it incorporates adaptive control and RBFNNs to compensate for the negative effects caused by time varying actuator fault and external disturbance, and the developed FTC strategy could guarantee that the derived sliding mode dynamics is ultimately uniformly bounded (UUB) within a finite time. (iii) In actuator saturation case, another fault tolerant controller is further designed, it not only tolerate the effects of multiple time varying actuator faults, but also has the strong robustness to external disturbance and actuator saturation. Therefore, the adaptive FTC control problem of second order nonlinear system in actuator saturation case is effectively resolved. The rest of this paper is organized as follows. Section 2 gives a mathematical model of the second-order nonlinear system in actuator multiple faults case. Section 3 designs a fault estimation observer to obtained the estimation of actuator LOE fault and bias fault simultaneously. Section 4 presents a novel NFTSM-based FTC design approach. Moreover, another FTC strategy is proposed to tackle the actuator saturation. Section 5 shows the simulation results and Section 6 gives the conclusions.
II. PROBLEM STATEMENT
Consider the following second order nonlinear system, which are described as [20] 
where
, and x = (x 1 , x 2 ) T represent the system states. G ∈ R n×m is a constant input matrix, u(t) ∈ R m is the control input generated by the m actuators and m ≥ n, d(t) ∈ R n denotes the external disturbance, f (x) ∈ R n is the nonlinear smooth function with f (0) = 0.
In this position, it is assumed that some potential actuator faults may occur in the nonlinear system (1). Generally speaking, the considered actuator fault could be divided into three types: 1) LOE fault, 2) Bias fault, 3) Complete failure [32] , [33] . Then, the control input u(t) in actuator faulty case could be rewritten as where τ (t) ∈ R m is the expected control input to be designed later, E(t) = diag{e 1 (t), ..., e m (t)} is the effectiveness factor matrix of actuator and satisfying 0 ≤ e i (t) ≤ 1 (i = 1, 2, ..., m). If e i (t) = 1, it means that the ith actuator works normally, 0 < e i (t) < 1 indicates that the ith actuator produces a reduced control input, e i (t) = 0 implies that the ith actuator has complete failure. In addition,
T is regarded as actuator bias fault. Based on the actuator fault model (2), the faulty nonlinear system (1) could be rewritten as
The objective of this study is to design an adaptive FTC scheme for a class of second order nonlinear system (3) to compensate for the negative effects of time-varying actuator faults, actuator saturation and external disturbance, such that the faulty closed loop system is stable. Figure 1 shows the overall structure of the proposed adaptive FTC approach. In this article, it is assumed that the system states x 1 and x 2 are measurable, it is critical to fault estimation observer design and FTC scheme design. In this position, the following assumptions and lemmas are given, which will be used in subsequent controller design and stability analysis.
Assumption 1: The nonlinear smooth function f (x) in system (3) is uniformly Lipschitz about x andx, namely,
where ξ is the known Lipschitz constant for f (x).
Assumption 2: The external disturbance d(t) in system (3) is norm bounded such that d(t) ≤ ζ , where ζ is a positive constant.
Assumption 3: Although the m actuators (m > n) may suffer from LOE fault, bias fault and complete failure, the number of complete failure actuators does not exceed m − n. Moreover, the actuator additive fault H (t) may be time varying and unknown, but it is always bounded such that H (t) ≤ h m , where h m is a positive scalar.
Assumption 4: The first-order derivative of actuator LOE fault (t) and bias fault vector H (t) satisfy ˙ (t) ≤ e and Ḣ (t) ≤ h respectively, where e , h are two positive constants.
Lemma 1 [38] : The extended Lyapunov description of finite-time stability with a finite time convergence is given asV
Then, for any given t 0 , the convergence time is given as
where λ 1 > 0, λ 2 > 0 and 0 < r < 1. Lemma 2 [38] : Let V (t) ≥ 0 be a continuous and positive definite Lyapunov function (defined on t ∈ R + ), V (0) and ρ(t) are bounded, and ρ(t) is a positive real function. If V (t) satisfies the following inequality:
where c 1 and c 2 are two positive constants. Then, it is known that V (t) is bounded.
Lemma 3 [18] : RBFNNs has good capability to approximate unknown and smooth function. Using the RBFNNs technology, an unknown continuous function f (Z ) : R k → R p can be rewritten as
where W ∈ R q×p is an unknown ideal weight matrix and satisfies W ≤W withW > 0 is a positive scalar.
is the basis function. q is the number of implicit layer. ∈ R p is unknown approximation error but bounded with ≤¯ , and¯ > 0 is a positive constant. The optimal constant weight W is determined by
∈ R k is the input vector of NN, W ∈ R q×p is the estimated matrix of W and also satisfies Ŵ ≤W , and ⊂ R k is an allowable set of state vector. Since the optimal weight value W and approximation error are unknown, we havê
wheref (Z ) andˆ are the estimation of f (Z ) and , respectively.ˆ is also norm bounded with¯ Remark 1: Assumption 3 means that there are some redundancy actuator in nonlinear system (3), which keeps the matrix GE 3 (t)G T invertible and ensures that the faulty nonlinear system (3) is controllable. If more than m − n actuators failed completely, the matrix GE 3 (t)G T becomes non-invertible and the nonlinear system (3) will become under-actuated. The control problem of under-actuated system is not studied in this paper. In addition, the magnitude of bias fault H (t) could not be arbitrarily large and should be less than the upper bound of actuator physical limitation at least.
Remark 2: Assumption 4 implies that the actuator fault considered in this paper is slow varying fault or incipient VOLUME 7, 2019 fault, it is caused by aging, temperature or operational wear and produce a gradually increasing bias torque in the healthy actuator.
III. FAULT ESTIMATION SCHEME DESIGN
In this section, an observer-based fault estimation algorithm will be presented to obtain the estimated value of unknown actuator fault. Firstly, a new variables is defined as U (t) = diag{τ 1 (t), ..., τ m (t)}, and the faulty system (3) could be rewritten aṡ
A novel fault estimation observer is designed for the faulty system (4)
wherex 2 is the estimation of x 2 and A is a Hurwitz matrix.
(t) andĤ (t) denote the estimation of (t) and H (t), respectively. The adaptive updated algorithm of each element
where α 1 > 0, β 1 > 0, γ 1 > 0 are three constant gains, and P is a positive definite matrix to be determined later. The adaptive updated algorithm of each element H i (t) in actuator bias fault vectorĤ (t)(i = 1, ..., m) is given bẏ
where α 2 > 0, β 2 > 0, γ 2 > 0 are three positive scalars. In addition, the disturbance compensation term D(t) has the following form
where ε is a small positive scalar, α 3 is a positive constant to be designed later. Definex 2 = x 2 −x 2 ,˜ = −ˆ ,H = H −Ĥ , then the observer error system is given bẏ
In this following, the first main result of this study is given in the form of Theorem 1. Theorem 1: To the faulty nonlinear system (3), an adaptive fault estimation observer is designed in the form of (5) with the adaptive parameter updated algorithms (6)- (9), for a given Hurwitz matrix A and a positive scalar ξ , if there exists a positive definite matrices P, such that the following inequality holds
then the observer error system (12) is ultimately uniformly bounded.
Proof: Define˜ a = −ˆ a andH a = H −Ĥ a , considering the following Lyapunov candidate function (14) Taking the derivative of V 1 along the trajectory of (12) yieldṡ
T aḢ (15) where Y =x
aḢ a . According to equation (6) , Y needs to be analyzed in two different situations, namely
a˜ a can be obtained. Similarly, it is proved that the following inequality holds
Substituting (16)- (18) into (15), we havė
Meanwhile, it is easily known that the following inequalities hold
Substituting (20)- (23) into (19), we havė
By selecting the appropriate parameters β i , γ i (i = 1, 2), such that 2β i − 1 > 0 and 2γ i − 1 > 0 are satisfied. Therefore, the following result is obtaineḋ
According to equation (10), we will further analyze inequality (25) in two cases.
(i) When Px 2 = 0, it can be easily known thaṫ
According to Lemma 2 and Assumption 4, it can be concluded that V 1 (t) is bounded.
(ii) When Px 2 = 0, substituting the first equation in (10) into (25), we havė
It is known from (11) that π (t) is a positive and increasing scalar, and there exists a time T such that π (t) ≥ ζ is hold for all t > T . Therefore, V 1 (t) is bounded and satisfied thaṫ
According to (13) , it is seen that A T P+PA+2ξ P < 0, we have
Based on the above inequality, it can be obtained that
T 2 (σ )· x 2 (σ )dt +π (0) is bounded and there exists a positive constant π such that lim t−→∞ π (t) =π .
According to the above analysis, it is seen that the following inequality is always truė
. According to Lemma 2, the observer error system (12) is ultimately uniformly bounded.
Let
, it can be easily known that the estimated errors are bounded by
This completes the proof.
Remark 3:
As shown in Figure 1 , if the actuator saturation does not exist, the saturation function sat(·) does not work, namely, τ (t) = κ(t), and U (t) = diag{κ 1 (t), ..., κ m (t)}. In the case of actuator saturation, τ (t) = sat(κ(t)) and U (t) = diag{sat(κ 1 (t)), ..., sat(κ m (t))}. It is not difficult to find that the fault estimation strategy proposed in this paper could estimate the time varying actuator LOE fault and time varying bias fault simultaneously regardless of the presence of actuator saturation.
Remark 4: In [23] and [31] , the adaptive fault estimation algorithm is used in the design of fault estimation observer, which is adjusted by −β 1ˆ and −β 2Ĥ , it has less ideal estimation performance and will reduce the accuracy of unknown fault estimation. In [36] and [37] , the proposed traditional fault estimation methods cannot adjust the rate of the adaptive update process. Compared with the fault estimation algorithm proposed in [23] , [31] , [36] , [37] , the adaptive fault updated algorithm designed in this paper could not only adjusts the estimation rate by −β 1ˆ and −β 2Ĥ , but also improves the estimation accuracy by adding β 1ˆ a and β 2Ĥa . Moreover,ˆ a andĤ a could also be considered as the estimation of and H , respectively. Therefore, the fault estimation algorithm proposed in this paper could be regarded as an improvement of the fault estimation approach developed in [23] , [31] , [36] , [37] .
Remark 5: In [25] and [43] , the disturbance compensation term D(t) is used in the design of fault estimation observer in order to offset the effect caused by external disturbance, but it is noted that [25] only considers the constant actuator LOE fault and does not consider the actuator bias fault and actuator complete failure, [43] only considers the actuator bias fault and does not consider the actuator LOE fault and actuator complete failure. In this paper, the similar compensation term D(t) is also used to tackle the negative effect of the external disturbances in the design of fault estimation observer, however, the time-varying actuator LOE fault, time-varying actuator bias fault and actuator complete failure are considered simultaneously.
IV. FAULT TOLERANT CONTROLLER DESIGN A. FAULT TOLERANT CONTROLLER DESIGN
In this section, an adaptive FTC strategy without actuator saturation is developed to guarantee the stability of faulty closed loop system under actuator fault and external disturbance case. A novel NFTSM surface is designed for system (3) to avoid singularity problem [19] 
where S = [S 1 , ..., S n ] T ∈ R n , ł 1 = diag{ł 11 , ..., ł 1n }, ł 2 = diag{ł 21 , ..., ł 2n } with l 1i > 0 and l 2i > 0(i = 1, ..., n) are the positive scalars.S(x 1 ) = [S 1 (x 1 ), ...,S n (x 1 )] T ∈ R n is define asS
otherwise.
a > 0 and b > 0 are two positive odd integers with 0
Then, the time derivative of sliding mode variable is given byṠ (31) where D x 1 has the following form
and 1 (t) = GẼ(t)τ (t) + GH + d is regarded as the generalized uncertainty, which could be approximated by a RBFNNs. According to Lemma 3, Equation (31) could be rewritten as the following forṁ
The reaching law is selected as the following form [30] 
where ϑ 1 > 0, ϑ 2 > 0 are two scalars, and sign
In the following, the second main result of this study is given in the form of Theorem 2.
Theorem 2: Consider the faulty nonlinear system (3) in actuator fault case, if the closed loop system is controlled by the proposed following FTC law
a b (S) and the parameter adaptive updated algorithms are given bẏ
where p i > 0 and q i > 0 (i = 1, 2) are the constant gains, ς > 0 is a small positive constant. 
Taking the derivative of V 2 along the trajectory of (32), it follows thaṫ
Substituting FTC law (34) into (36) , it can be shown thaṫ
In the following, Y W 1 needs to be analyzed in two different situations.
(ii) WhenẆ 1 = 0 with Ŵ 1 =W 1 and p 1 φ 1 S T −q 1Ŵ1 > 0. It can be seen thatW 1 ≤ 0, the following inequality is easily derived 
Meanwhile, it is easily known that the following inequality holds
Substituting (38)- (42) into (37), we havė
Then, the inequality (43) could be rewritten aṡ
If V 2 > 1 /δ 1 , the inequality (44) is further rewritten aṡ
According to the Lemma 1, the convergence time satisfies the following inequality
where t 0 is the initial time and V 2 (t 0 ) is the initial value.
If V ( a b +1)/2 2 > 1 /η 1 , the inequality (44) is rewritten as the following forṁ
Similarly, the convergence time satisfies
Therefore, the trajectory of sliding mode dynamics (32) under the adaptive FTC scheme (34) could converge into a small neighborhood of the origin in finite time. This completes the proof.
Remark 6: In [27] , the nonsingular terminal sliding mode surface
is designed to avoid the singular problem, it offers a high convergence rate at a distance from sliding mode surface S 1 = 0, and it slows down as it comes close to the sliding mode surface S 1 = 0. In [28] , the fast terminal sliding surface
is proposed to provide the finite time convergence of the controlled system. It is noted that the derivative of S 2 contains a negative fractional term a b − 1, the singularity will occur while x 1i = 0 andẋ 1i = 0. Compared with the sliding mode surface designed in [27] and [28] , the nonsingular fast terminal sliding mode (30) designed in this paper could be regarded as a combination of nonsingular terminal sliding mode and fast terminal sliding mode, which not only provides fast convergence rate of system state but also avoids the singular phenomena.
Remark 7: In [21] , [26] and [29] , the design of the FTC law relies on the assumption that the upper bound of the external disturbance is known. However, from a practical point of view, it is difficult to obtain the precise upper bound of the external disturbance due to it's complex and variable. It is noted that the known upper bound of external disturbance is not used to design the FTC scheme in this paper, which is more practical than the FTC schemes proposed in [21] , [26] and [29] .
B. ADAPTIVE FTC WITH ACTUATOR SATURATION
To deal with the problem of actuator saturation, another FTC scheme is further presented in this section. Consider the faulty system (3) in the presence of actuator saturation, which is described aṡ
in which sat(κ) is given by
where κ is the control input to be designed, and κ max is the upper bound of κ i .
Here, a nonlinear saturation function is introduced to tackle the saturation problem
where (κ) = diag{ 1 (κ 1 ), · · ·, n (κ n )} represents the saturation characteristic of the actuator with
It is assumed that i (κ i ) satisfies the following constraint [24] 0
Taking the time derivative of sliding mode variable S in (30) yieldṡ
where 2 (t) = GẼ(t) (κ)κ + GH + d. According to Lemma 3, 2 (t) could be approximate by a RBFNNs, namelẏ
The reaching law is also chosen to be the same asṠ = −ϑ 1 S − ϑ 2 sign a b (S). In the following, the third main result of this study is given in the form of Theorem 3.
Theorem 3: Consider the nonlinear system (3) subject to multiple actuator fault and actuator saturation, if the closed loop system is controlled by the proposed following adaptive FTC strategy
with
(S) and the adaptive parameter updated algorithms are given bẏ
whereφ is the estimation of ϕ with 0 <φ(0) ≤ 1.W 2 and 2 are the upper bounds ofŴ 2 andˆ 2 , respectively. p i > 0, q i > 0(i = 3, 4, 5) are the constant gains, ς > 0 is a small positive scalar. Then, the sliding mode dynamics (49) could convergent to a small neighborhood of the origin within a finite time.
Proof:
Consider the Lyapunov function candidate as follows
Taking the derivative of V 3 along the trajectory of (49) results iṅ
Substituting FTC law (50) into (52), it leads tȯ
Similar to the proof process of Theorem 2, it is easily known that
Meanwhile, it is easily seen that q 5 p 5φφ
Substituting (54)- (55) into (53), we havė
Then, Eq. (56) can be rewritten aṡ
and
By referring the proof process of Theorem 2, it is known that all the state trajectory of the faulty closed-loop system can converge into a small neighborhood of the origin in finite time.
(ii) Whenφ = 0, the actuator saturation does not exist and ϕ = 1. Therefore, the fault tolerant controller (50) is the same as adaptive FTC (34), the corresponding stability result could be obtained by referring the proof process of Theorem 2.
Based on the above descriptions, it is known that the sliding mode dynamics (49) under the adaptive FTC scheme (50) could convergent to a small neighborhood of the origin within a finite time. This completes the proof.
Remark 8: In [22] , a FTC scheme is developed for a nonlinear attitude system of flexible spacecraft, it could effectively deal with the effects of actuator LOE fault, actuator saturation and external disturbance, but the actuator bias fault and complete failure fault are not considered in [22] . In [23] , a dynamic surface-based FTC approach is proposed for a faulty attitude system of UAV, it can only deal with the effects of actuator bias fault and external disturbance, but actuator saturation and actuator LOE fault not considered. Based on the results in [22] and [23] , a novel adaptive fault tolerant controller is designed for a two order nonlinear system in this study, which can effectively compensate for the negative effects caused by actuator LOE fault, bias fault, complete failure fault, actuator saturation and external disturbance. It can be seen as an improvement and extension of the main results given in [22] and [23] .
V. SIMULATION RESULTS
The dynamic model of a spacecraft attitude system described in [5] , [20] , [34] has the same form as (1) with n = 3, m = 4, in which x = (x 1 , x 2 ) T , x 1 = (x 1 , x 2 , x 3 ) T = (σ, η, ψ) T , and σ, η, ψ are the roll angle, pitch angle, yaw angle of the spacecraft, respectively. x 2 = (x 4 , x 5 , x 6 ) T = (σ ,η,ψ) T is the first-order derivative of the attitude angles. where I x , I y , and I z are the moments of inertia with respect to the three body axes, ω 0 denotes the constant orbital rate. The external disturbance is modeled as
It is noted that the rigid spacecraft attitude system model (1) used in the articles [5] , [20] , [34] , and in this paper is only suitable for approaching the spacecraft attitude dynamics system in the case of spacecraft small attitude angle maneuvering. In practical aerospace engineering, the spacecraft attitude angle x 1 and the first-order derivative of the attitude angle x 2 can usually be measured by star sensors and gyros, respectively [40] , [41] . In this paper, the gyros are used to measure the state variable x 2 , and in practice the measurement result is inevitably affected by the measurement noise. The output of each gyro can be modeled as follows [41] :
where ω g (t) is the measurement result of x 2 , ω n (t) is the zero-mean Gaussian white-noise process with standard deviation 0.0001. In order to eliminate the negative effects of measurement noise on attitude measurement, an extended Kalman filter is used for the rigid spacecraft attitude system [40] .
In order to eliminate the chattering phenomena in FTC scheme (50), the sign function will be replaced by the saturation function in simulation [39] . Some gain parameters are selected as follows ς = ε = 0.002, 
It is assumed that the considered time-varying actuator LOE fault and bias fault are given by
It is not difficult to find that the second actuator occurs a time varying LOE fault at the 5th second, the third actuator occurs a time varying bias fault at the 10th second, the fourth actuator occur a complete failure fault at the 5th second. By using the fault estimation algorithm designed in this paper, the actuator fault estimation results could be shown in Figures 2-3 . Figure 2 depicts the estimated curve of loss of effectiveness fault parameter (t), Figure 3 depicts the estimated curve of bias fault parameter H (t). In addition, it can be seen from Figures 2-3 that a (t) and H a (t) can also accurately estimate the unknown actuator faults (t) and H (t) respectively, which demonstrate the effectiveness of the designed fault estimation scheme (5) .
For the purpose of comparison, the nonsingular terminal sliding mode (NTSM)-based FTC scheme designed in [27] and the NFTSM-based adaptive FTC scheme designed in this paper are adopted to control the faulty attitude system of rigid spacecraft considered in this section. When the actuator fault described above occur, the corresponding simulation results (including the attitude angle x 1 , the angular velocity x 2 and the FTC control input κ(t) using two different FTC schemes are depicted in Figures 4-9 . It is not difficult to find from Figures 4-6 that there are obvious oscillation in the state curves and control input curves by using NTSM-based FTC scheme designed in [27] to the faulty closed loop attitude system. Meanwhile, it is clearly seen from Figures 7-9 that simulation results using the NFTSM-based FTC scheme developed in this paper reduce the number of oscillations and also have better dynamic performance than Figures 4-6 . By comparing the corresponding simulation results under two different FTC schemes, it is seen that the NFTSM-based FTC scheme developed in this study has a better fault accommodation capability than NTSM-based FTC scheme developed in [27] .
To further emphasize the superiority of the proposed adaptive FTC strategy, the control performance comparisons using two different FTC schemes are also given in Table 1 , which includes the convergence time and steady precision. By comparing the performance of two different FTC schemes, it is seen that the NFTSM-based FTC scheme designed in this study could achieve higher attitude control accuracy and faster convergence rate than NTSM-based FTC scheme developed in [27] .
VI. CONCLUSION
In this study, a fault estimation observer-based adaptive FTC approach is proposed for a class of second order nonlinear system using nonsingular fast terminal sliding mode control technique. The considered actuator faults could be estimated by the designed nonlinear fault estimation observer. A novel terminal sliding surface is designed and a fault tolerant stabilization control scheme is derived, such that the state trajectory of the designed sliding mode dynamics could converge to a small neighborhood near the origin within a finite time, even there exist external disturbance, actuator fault and saturation in the considered nonlinear system. Finally, simulation results demonstrate the effectiveness and benefit of the proposed adaptive FTC scheme by applying the theory result to a spacecraft attitude system. It is noted that the adaptive FTC method designed in this paper does not consider the actuator stuck fault. Designing the FTC law to stabilize the spacecraft attitude system in the presence of actuator stuck fault is our future work.
